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We have examined the effects of NGF on components of the PC12 cell cycle machinery.
We show that NGF represses over 6-8 d the levels of specific cdk kinase proteins and the G2-M phase specific cyclin Bl and the S phase marker PCNA as well as the level of phosphorylation of the retinoblastoma (Rb) protein. All of these changes may provide a basis for a NGF block to cell cycling. Unexpectedly, the Gl phase-specific cyclin Dl was dramatically increased by inducers of differentiation (NGF and FGF), but not by inducers of proliferation (EGF and insulin) . Although the levels of cyclin DllcdkP and cyclin Dl/cdk4 complexes increased following NGF treatment, as did cyclin DllRb complexes, the associated kinase activities declined, indicating that NGF also induces an inhibitor of cdk kinase activity. In agreement, NGF induced the cdk inhibitory protein, ~21, which was found in cyclin Dl/cdk kinase complexes after NGF treatment. We show that vector over expression of cyclin Dl in PC12 is sufficient on its own to arrest the cells in Gl phase and inhibit expression of PCNA. These results indicate that NGF induction of cyclin Dl and inactivation of cdk kinases, the latter possibly by increase of ~21, play a central role in the NGF block of PC12 cell cycling.
[Key words: NGF, PC12 cells, differentiation, Gl arrest, cdks, cyclin Dl] Neuronal development entails a complex series of events involving growth arrest, sequential activation of specific genes, and neuronal differentiation.
Terminally differentiated neurons are arrested in the postmitotic state and several key regulators of the cell cycle are downregulated (Hayes et al., 1991; Okano et al., 1993; Freeman et al., 1994) . For example, cdc2 and cyclin A were downregulated in the developing CNS, concomitant with the cessation of cell proliferation (Hayes et al., 1991) . This finding suggests that the downregulation of expression of certain cell cycle functions may be responsible for exit of neuronal precursors from the cell cycle during neuronal differentiation.
NGF is crucial for the growth, differentiation and survival of sympathetic and sensory neurons of peripheral neurons system (PNS) and of the cholinergic neurons of the CNS (Levi-Montalcini and Angeletti, 1968; Levi-Montalcini, 1976; Johnson et al., 1980) . NGF also promotes neuronal differentiation of the rat pheochromocytoma cell line, PC1 2, which resemble adrenal chromaffin cells of neural crest origin (Greene and Tishler, 1976) . In culture, treatment of PC 12 cells with NGF leads to slowing or cessation of the cell division and differentiation into sympathetic neuron-like cells with neurite outgrowth (Greene and Tishler, 1976; Ignatius et al., 1985; Rudkin et al., 1989) . The mechanism by which NGF arrests PC12 cell cycling and promotes differentiation is not fully understood. In addition to a decrease in the proliferation rates and DNA synthesis (Greene and Tischler, 1976; Gunning et al., 198 I ; Ignatius et al., 1985; Buchkovich and Ziff, 1994) , NGF is reported to arrest an asynchronous population of PC12 cells in the GO/G1 phase of the cell cycle (Rudkin et al., 1989) . NGF-induced neurite outgrowth and the appearance of Na+ channels occur more rapidly in PC 12 cells arrested in GO phase than in asynchronously growing cells (Rudkin et al., 1989) . This suggests that the development of these neuronal characteristics is linked to cell arrest in GO phase.
The proliferation of eukaryotic cells is controlled at specific points in the cell cycle, particularly at the Gl to S and the G2 to M transitions. Different cdks have different functional specificities based on the time of their activity during the cell cycle and their specific cyclin partner (Pines and Hunter, 1991; Pines, 1993; Sherr, 1993) . Cdc2 kinase forms complexes with cyclin A and B which act at the G2/M transition and are required for entry into mitosis in multicellular eukaryotes (Riabowal et al., 1989; Pines and Hunter, 1989; Solomon et al., 1990; Pagan0 et al., 1992) . Cdk2 is essential for the Gl/S transition when associated with A, E, and D-type cyclins (Elledge et al., 1992; Pagano et al., 1992; Tsai et al., 1991 Tsai et al., , 1993a Xiong et al., 1992; van den Heuvel and Harlow, 1993) . Cdk4, cdk5, and cdk6 can form complexes with D-type cyclins in the Gl phase of the cell cycle (Matsushime et al., 1992; Xiong et al., 1992; Bates et al., 1994; Meyerson and Harlow, 1994) . In macrophages and fibroblasts, cdk4 appears to be the most prominent partner of D-type cyclins (Matsushime et al., 1992; Xiong et al., 1992) while in peripheral blood T cells, cyclin Dl complexes with cdk6 predominate (Meyerson and Harlow, 1994) .
Recent studies have identified additional regulatory subunits for cdks, the cdk inhibitory proteins, including ~21, ~27, and p16 (reviewed by Peter and Herskowitz, 1994) which bind the cdk-cyclin complex and inhibit its activity. p21 levels are elevated upon DNA damage in Gl in a p53-dependent manner (ElDeiry et al., 1993; Dulic et al., 1994) . Levels of p2l protein are increased in senescent cells and p21 overexpression blocks the growth of tumor cells (El-Deiry et al., 1993; Harper et al., 1993; Noda et al., 1994) . Recent evidence shows that ~21 may directly block DNA replication by inhibiting PCNA, suggesting that inhibition of PCNA by p21 may be important for coordinating cell-cycle progression, DNA replication and repair of damage DNA (Flores-Rozas et al., 1994; Waga et al., 1994) . The D-type cyclins are thought to provide a link between the cell cycle, signal transduction and proliferation.
The D-type cyclins can been induced by growth factors. Consistent with a role in proliferation, cyclin D 1 was identified as a potential oncogene which is overexpressed in a variety of different tumors. An increase of cyclin Dl mRNA upon induction of leukemia cell line differentiation was observed (Akiyama et al., 1993) . However, overexpression of cyclin D2 and D3 (but not Dl) inhibited 32D myeloid cell differentiation induced by granulocyte colony-stimulating factor (G-CSF) (Kato and Shen; . MN20, a D2 cyclin, serves regionally specific functions in neuronal differentiation (Ross and Risken, 1994) . It has been reported that cyclin Dl is selectively induced in postmitotic neurons undergoing programmed cell death (Freeman et al., 1994) . Recent evidence indicates that downregulation of cyclin Dl is necessary for PCNA relocation to the nucleus and for repair DNA synthesis as well as for the start of DNA replication (Pagan0 et al., 1994) . These findings suggest that cyclin Dl may have multiple functions in controlling cell proliferation and differentiation in various cell types.
We have used PC12 cells as a model system to study the regulation of the cell cycle during NGF-induced neuronal differentiation, in particular the roles of the cdc2-related kinases and cyclins. We show that NGF represses the levels of specific cdk kinase proteins and the G2-M phase specific cyclin Bl and the S phase marker PCNA as well as the level of phosphorylation of the retinoblastoma (Rb) protein. Unexpectedly, the Gl phase-specific cyclin Dl was dramatically increased by inducers of differentiation (NGF and FGF), but not by inducers of proliferation (EGF and insulin). Although the levels of cyclin Dl/cdk2 and cyclin Dl/cdk4 complexes increased following NGF treatment, as did cvclin Dl/Rb comulexes, the associated kinase activities declined, indicating that NGF also induces an inhibitor of cdk kinase activity. In agreement, NGF induced the cdk inhibitory protein, ~21, which was found in cyclin Dl/cdk kinase complexes after NGF treatment. NGF also led to accumulation of unphosphorylated Rb and an increase in the levels of the Dl/Rb complexes. Finally, we show that overexpression of cyclin Dl arrests the cells in Gl phase and inhibits expression of PCNA. These results indicate that NGF induction of cyclin Dl and inhibition of PCNA expression as well as the cyclin Dl-cdk kinases by P21 play a central role in NGF arrest of PC12 cell cycling. Science), or EGF at 10 rig/ml (Boehringer Mannheim Biochemicals, Inc.), or bFGF at 20 rig/ml (Upstate Biotechnology, Inc.) in the presence of 50 rig/ml heaparin (Sigma Chemical, Co.), or insulin at IO kg/ml (GIBCO-BRL, Inc.) was performed 24 hr after plating. MgCl, (10 mu) was routinely included in the culture medium when NGF was used (Kalman et al., 1993) . Fresh medium containing NGF, or EGF, or bFGF, or insulin was used to replace 50% of the old medium every another day.
Metabolic labeling of cells was as described by Buchkovich and Ziff (1994) . Briefly, 2 ml of labeling media was added to each 10 cm dish containing 1.0 mCi of '*P-orthophosphate (NEN), and cells were incubated for 4 hr.
Antibodies.
The rabbit polyclonal cdc2 antibody was raised against a synthetic peptide corresponding to the C-terminal sequences of cdc2 (CLDNQIKKM).
Affinty-purified peripherin antibody was previously described (Gorham et al., 1990 cells" (Boulukos and Ziff, 1993) , were cultured under the same conditions as PC12 cells. 6-24 cells overexpressing pl40trk (Hempstead et al., 1992) were cultured in DMEM medium supplemented with 5% calf serum, 10% horse serum (heat inactivated, GIB-CO-BRL, Inc.). Cells were plated on collagen coated dishes at the density of -2 X 10" cells/l0 cm dish or -5 X 10" cells/25 cm dish prior to all experiments.
For immunoprecipitation followed by Western blot analysis and in vitro kinase assays, immune complexes of the cdc2-related kinases and cyclin Dl were precipitated by incubating cell lysates (200 ug protein) with antibodies to cdc2 (5 pllml), or cdk2 (2 pg/ml), or cdk4 (1 p.g/ ml), or cdk5 (5 p,l/ml), cdk6 (5 WI/ml), or cyclin Dl (2 kg/ml), or normal rabbit serum (NRS) (5 p,l/ml) on ice for 1 hr. The complexes were then collected by rocking in 50 ~1 of 10% protein A-Sepharose beads (Pharmacia Biotechnology Inc.) for 1 hr at 4"C, and washed four times with lysis buffer. The immunoprecipited beads were either analyzed by Western blotting or used for in vitro kinase assays. For radioimmunoprecipitation, 100 yl of 10% protein A-Sepharose beads and 3 ~1 normal rabbit serum were added to 0.9 ml of lysates (300 w,g protein),
and rocked for 1 hr at 4°C. In vitro kinase assays. For assay of kinase activities, cells were lysed in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mu EGTA, 1 mM DTT, 0.1% Tween-20, 10% glycerol, 0.1 mM PMSE 10 pg/ml leupeptin, 10 mM P-glycerophosphate, 0.1 mM sodium orthovanadate, 1 mM NaF, I kg/ml aprotinin), following by sonication for 10 set twice at 4°C (Matsushime et al., 1994) . The beads with immunoprecipitated kinases obtained as described above were washed three times with lysis buffer, and twice in kinase buffer (50 mM HEPES, A. The blots were probed, respectively, with cdc2, cdk2, cdk4, cdk5, and cdk6 antibodies. cdc2, cdk4, and cdk6 migrated at 34 kDa; both cdk2 and cdk5 migated at 33 kDa. B, Expression of cyclins in PC12 cells. The analysis was the same as described in A, except that the blots were probed, respectively, with cyclin A, B 1, D 1, E, or PCNA antibodies. Cyclin A migrated at 60 kDa, cyclin Bl at 62 kDa, cyclin Dl at 36 kDa, cyclin E at 58 kDa, and PCNA at 37 kDa. MgCI,, 1 mM DTT). Kinase reactions were performed with addition of 25 p,~ unlabeled ATP, 10 l&i of yJ2P-ATP (6000 Ci/mmol, New England Nuclear), and kinase substrates at 30°C for 20 min. The concentrations of substrates used in the kinase assays were 50 p,g/ml for histone HI (Boehringer Mannheim) or 10 kg/ml for bacterially expressed GST-Rb fusion protein which contained amino acids 379-928 of Rb (Kaelin et al., 1991) . The reactions were stopped by adding 2X Laemmli sample buffer. Phosphorylated histone HI or GST-Rb proteins were resolved on 10% SDS-PAGE. Following electrophoresis, gels were fixed, dried, and exposed to Kodak XAR film.
Imm~nofluore~cence assay. Cells growing on cover slips (5 X lo3 cells/coverslip) were washed twice in PBS, and fixed for 10 min at RT in 4% paraformaldehyde/PBS/lO mM EGTA, and permeabilized for 5 min at RT in 0.2% Triton X-100 in PBS. Fixed and permeabilized cells were incubated with polyclonal cyclin Dl antibody (dilution 1:lOO in TBST buffer+3% BSA) for 2 hr at 37°C in a humidified atmosphere, and then washed three times with PBS. Cell were then incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (dilution 1:200 in TBST+3% BSA; Oncogene Science, Inc.) for 1 hr, with three washes in PBS in between. Coverslips were mounted onto the slides with Mowiol. Fluorescence was visualized under a Zeiss Axiophot microscope using a Neofluar 63X lens. Photographs were taken on Kodak TMax film.
Transfections and analysis of DNA content. 6-24 cells (-2 X 106) were plated on collagen coated 10 cm dishes approximately 12 hr, and transfected with Rc-CMV or Rc-cycD1 plasmid (provided by Dr. R. Weinberg) which contains the full cyclin Dl coding sequence (Ewen et al., 1993a) , by high efficiency polycationic liposome transfection method (Hawley-Nelson et al., 1993) . Briefly, 5 pg of plasmid DNA in 0.5 ml of OPTI-MEM I medium (GIBCO-BRL, Inc.) was mixed with 40 p,l of LipofectAMINE Reagent (GIBCO-BRL, Inc.) in 0.5 ml OPTI-MEM I medium, and incubated at room temperature for 30 min to allow DNA-liposome complexes to form; 3 ml of OPTI-MEM I medium was added to the mixture, and then applied to cells. The cells were incubated for 6 hr and replaced normal growth medium. For experiments involving NGF stimulation, transfection as above, NGF was added after 12 hr of removal of lipid-nucleic acid complexes. The cells were harvested after 24 or 42 hr transfection for analysis of DNA content and Western B.
blotting. The DNA content of individual nuclei analyzed by a BectonDickinson FACScan flow cytometer was as described by Buchkovich and Ziff (1994) .
Results
The cdc2-related kinases and cyclins were differentially regulated by NGF When asynchronous PC12 cells were cultured in the presence or absence of NGF, in agreement with previous reports, the cells slowed division and underwent neuronal differentiation (Burstein and Greene, 1982; Ignatius et al., 1985; Buchkovich and Ziff, 1994) . Although after the first day of exposure to NGF only 10% of the cells extended net&es, by day 8 of NGF treatment, PC 12 cells nearly reached a plateau of zero growth and almost all cells (95%) bore fully extended neurites (data not shown).
To determine the effects of NGF on cell cycle regulatory components, we first examined the expression of the cdc2-related protein kinases in NGF treated and untreated PC12 cells. Total cell lysates were analyzed by Western blotting with antibodies to cdc2, cdk2, cdk4, cdk5, and cdk6. As shown in Figure lA , the protein levels of cdc2, cdk2, and cdk6 gradually decreased following NGF treatment. There was a slight decrease in the protein levels of cdk4 in the NGF treated cells as compared to the untreated cells, which was observed in three parallel experiments and confirmed by Northern analysis. In contrast, protein levels of cdk5 remained constant throughout NGF treatment. These results demonstrate that exposure of PC12 cells to NGF leads to a downregulation of cdc2, cdk2, and cdk6, and a slight decrease of cdk4.
The cdd-related protein kinases must associate with their cyclin partners in order to form active complexes capable of reg- ulation of the cell cycle (Pines and Hunter, 1991) . To determine the effects of NGF on the expression of cyclin proteins, we next analyzed cyclin protein levels in NGF treated and untreated PC12 cells by Western blotting as shown in Figure 1B . Cyclin proteins including cyclin A, Bl, Dl, and E were detected in PC12 cells. NGF treatment had no effect on cyclin A and E protein levels. However, the levels of cyclin Bl protein greatly declined upon NGF treatment and cyclin Bl was absent at day 8. Additionally, NGF treatment led to a dramatic decrease and disappearance of the proliferating cell nuclear antigen (PCNA), a molecular indicator of cells in S phase (Bravo and MacdonaldBravo, 1987) , as expected since cell proliferation decreases during PC12 cell differentiation. Conversely, cyclin Dl protein levels greatly increased upon NGF treatment and Dl reached its highest level at day 10. This result was confirmed by using cyclin Dl antibodies from two different sources. On the other hand, little change of cyclin D2, which is expressed at low levels, was observed upon NGF treatment, and cyclin D3 was undetectable in both NGF treated and untreated PC12 cells under our assay conditions (data not shown). This indicates that D-type cyclins are expressed in a cell type specific manner in PC12. These observations suggest that NGF regulation of cyclin levels, including a strong decrease of cyclin Bl and a cell-type specific induction of cyclin Dl, are involved in PC12 cell differentiation.
Specific induction of cyclin DI is associated with neuronal diferentiation of PC12 cells Since induction of cyclin Dl during NGF-induced cell differentiation was unexpected, it was of interest to study this change in more detail. We used immunoflorescence assays to localize cyclin Dl in differentiated and undifferentiated PC12 cells. In asynchronously growing PC12 cells, a low immunoflorescent signal in both the cytoplasm and nucleus was detected ( Fig. 2A) .
Upon 8 d of NGF treatment, almost all of the cells exhibited the extension of neurites, and the cyclin Dl signal was detected at increased levels in the nucleus (Fig. 2B ), in agreement with the finding that NGF induces a strong increase of cyclin Dl proteins in PC12 cells during differentiation. These results also suggest a functional role in the nucleus for cyclin Dl in differentiated PC12 cells.
Cyclin Dl was originally identified as a growth factor (CSF-1) induced gene in mouse macrophage cell lines (Matsushime et al., 1991) . Serum, PDGF, EGF, and bFGF also induced cyclin Dl in fibroblasts (Won et al., 1992; Sewing et al., 1993) . We therefore asked if induction of cyclin Dl was NGF-specific or whether cyclin Dl was induced by other growth factors in PC12 cells. PC12 cells respond to NGF and FGF by differentiating, while these cells proliferate in response to EGF and insulin (Greene and Tischler, 1976; Schubert et al., 1978; Guroff, 1979, 1981) . PC12 cells were treated with these growth factors for 8 d. Protein levels of cyclin Dl and peripherin, a PC12 cell neuronal differentiation marker (Aletta et al., 1988; Parysek et al., 1987; Leonard et al., 1988; Gorham et al., 1990) , were determined. Cyclin Dl and peripherin were greatly induced by the two differentiation factors, NGF and bFGE but not by EGF or insulin in PC12 cells (Fig. 3A) .
Although NGF and EGF have different effects on PC12 growth and cell fate, NGF and EGF activate several common pathways downstream from their receptors (Boonstra et al., 1983; Greenberg et al., 1985; Maher, 1988; Gizang-Ginsberg and Ziff, 1990; Chao, 1992) . Thus, it was of interest to determine if EGF treatment could transiently affect expression of cyclin Dl in PC12 cells. PC1 2 cells were treated for various lengths of time with EGE No significant differences in cyclin Dl protein levels were detected between EGF treated and untreated PC12 while Dl was induced by NGF treatment (Fig. 3B) . Adenovirus-5 Ela transformed PC12 cells do not express NGF receptors and fail to differentiate in response to NGF (Boulukos and Ziff, 1993) and thus serve as a control. Two forms of cyclin Dl were detected in Ela transformed PC12 cells (Fig. 3C) . Two cyclin Dl forms have been described previously (Matshushime et al., 1991 (Matshushime et al., , 1994 , although the upper band seen here could be due to Ela PC12 cell protein cross-reactivity. Neither band was induced by NGF in Ela transformed PC12 cells. Taken together, we conclude that cyclin Dl is a specific target for NGF and FGF and that induction of cyclin Dl is associated with PC12 cell differentiation induced by these factors.
Regulation of cyclin DI-associated complexes and their kinase activities by NGF To further reveal the functional role of the NGF-induced increase in cyclin Dl in PC12 cell differentiation, we assayed changes in the levels of complexes of cyclin Dl with the cdc2-related kinases in response to NGI? PC12 cells were treated with NGF for 8 d and lysates from untreated or treated PC12 cells were immunoprecipited with antibodies to cdc2, cdk2, cdk4, cdk5, and cdk6, as well as cyclin Dl, and the levels of kinaseassociated Dl were measured by immunoblotting using cyclin Dl antibody. As shown in Figure 4A , the overall levels of cyclin Dl once again showed a dramatic increase in NGF-treated PC12 cells (Fig. 4A, lanes l-2) . Very low levels of cyclin Dl were detected in cdk2 and cdk4 complexes in untreated PC12 cells (Fig. 4A , lanes 3 and 5) and these complexes increased upon NGF treatment (Fig. 4A, lanes 4 and 6) . Cyclin Dl was also associated at low levels with cdc2 in NGF treated PC12 cells but this association was undetectable in untreated PC12 cells (Fig. 4A, lanes 9-10) . No cyclin Dl complexes with cdk.5 and cdk6 were detected in either NGF treated or untreated PC12 cells (Fig. 4A, lanes 7-8 and 11-12) . Reciprocal experiments in which immunoprecipitation with antibodies to cdk2, cdk4, cdc2, cdk5, cdk6, and cyclin Dl, was followed by immunoblotting analysis using antibodies to cdk2, cdk4, cdc2, cdk5, and cdk6, were also carried out. This analysis verified that cdk2/Dl and cdk4/Dl complexes increased upon NGF treatment, even though NGF treatment led to a reduction of the protein levels of cdk2 and cdk4 (Fig. 4B,C) . No cyclin Dl associated complexes with cdk5 and cdk6 were detected in either NGF treated or untreated PC12 cells (data not shown). Cyclin DUcdc2 complexes were only present at very low levels in NGF treated PC12 cells (data not shown). These results demonstrate that induction of cyclin Dl is correlated with increases of Dl/cdk2 and Dl/cdk4 complexes in NGF-induced differentiated cells.
While we have shown that NGF exerts specific effects on the levels of cyclin Dl, the cdcZrelated proteins, and cyclin Dl/the cdcZrelated protein complexes, it was also important to determine whether these NGF-regulated cyclin Dl complexes exhibit kinase activity. Antibodies can selectively immunoprecipitate these cdcZrelated kinases along with their regulatory cyclin subunits. These immune complexes can then be assayed for their ability to phosphorylate an exogenous substrate, such as histone Hl or the retinoblastoma protein (Rb). NGF treated and untreated PC12 cells on day 8 were chosen for analysis because the effects of NGF on cell proliferation and neurite growth peak over 8 d of NGF treatment. Cell lysates were immunoprecipitated with antibodies to the cdc2-related proteins. The kinase activities of immune complexes were detected by using histone Hl or GST-Rb as a substrate in vitro.
When histone HI was used as a substrate, histone Hl kinase activity was detected in a-cdc2 and cu-cdk2 immunoprecipitates of lysates from NGF treated and untreated cells (Fig. 5A , lanes 11-12 and 5-6). These activities decreased after exposure to NGF in parallel with the decreases of the protein levels of cdc2 and cdk2, with cdk2 showing a greater decrease than cdc2. However, little activity above background was detected in either NGF treated or untreated PC 12 lysates for cdk4 or cdk5 or cdk6 using this assay (Fig. 5A, lanes 7-8, 9 -10, and 3-4). Interestingly, histone Hl kinase activities of cyclin Dl immune complexes decreased in NGF treated cells (Fig. 5A, lanes l-2) . Similarly, the histone Hl kinase activities of cyclin A, B 1, and E immune complexes also decreased in NGF treated cells (data not shown).
The retinoblastoma protein is phosphorylated by one or more cdk kinases in a cell cycle dependent manner (Lin et al., 1991; Akiyama et al., 1992; Matsushime et al., 1994; Meyerson et al., 1994) . When GST-Rb was used as a substrate, cdc2 and cdk2 immune complexes were also shown to be the two strong kinase activities in lysates from PC12 cells (Fig. 5B, lanes 11 and 7) . NGF treatment reduced cdk2 kinase activity much more greatly than cdd kinase activity (Fig. 5B, lanes 7-8 and ll-12) , as seen previously with the histone Hl assay. Comparatively low levels of Rb kinase activities of cdk4 and cdk6 immune complexes were detected and these decreased slightly (Fig. 5B , lanes 5-6 and 34). The lower activity of cdk5 remained unchanged by NGF treatment (Fig. 5B, lanes 9-10) . Quantitation by densitometric scanning of the kinase assay autoradiograms showed that cdk2 kinase activity was at least 50-fold higher than cdk4 kinase activity in untreated cells, and cdk2 and cdk4 kinase activities are comparable in NGF treated PC12 cells. Rb kinase activities of cyclin Dl immune complexes were also decreased by NGF (Fig. 5B, lanes l-2) . This inhibition of cyclin Dl-associated kinase activities by NGF is very novel since NGF treatment leads to increases of Dl/cdk2, DUcdk4, and D l/cdc% complexes as shown in Figure 4 . These observations suggest that A.
Western: a cycD1 I I taGon with cyclin-Dl (lanes I-i), cdk4 (lanes 34) antibodies. or NRS (lanes j-6) followed by Western blot analysis using cdk4 antibody.
the increase in Dl/cdk2, Dl/cdk4, and Dl/cdc2 complexes in NGF treated PC12 cells is accompanied by the onset of an inhibitory mechanism that contributes to an overall decrease of cyclin D 1 -associated kinase activities. There are several indications that ~21, an inhibitor of cyclindependent kinases, has a role in negative regulation of the cell cycle in Cl phase. The ~21 protein can inhibit the kinase activity of various cyclin-cdk complexes. To determine whether p21 expression changed during PC1 2 cell differentiation, we examined p21 levels following NGF treatment. Western blot analysis of the lysates from cells after various times of NGF treatment or from untreated PC12 cells showed that ~21 protein levels were increased during NGF treatment (Fig. 6A ). This suggests that upregulation of ~21 may play a role in inhibition of cell proliferation during PC12 cell differentiation. Since cyclin Dl associated kinase activities declined during NGF treatment we next asked whether p21 was associated with cyclin Dl in response to NGE To do this, PC12 cells were treated or left untreated with NGF for 8 d and lysates were immunoprecipited with antibodies to ~21, and the levels of cyclin Dl were measured by immunoblotting using cyclin Dl antibody. Cyclin Dl/p21 complexes were undetectable in NGF untreated PC1 2 cells, however, these complexes increased in NGF treated PC12 cells (Fig. 6B,  lanes 1 and 2) . Consistent with this result, we were also able to detect the increase of ~21 in anti-cyclin Dl precipitates upon NGF treatment (Fig. 6C, lane 4) . These results demonstrate that the inhibitor, ~21, accumulates in PC12 cells and enters complexes containing cyclin Dl at times when Dl associated kinase activity declines. This decline takes place although the absolute levels of cyclin Dl-cdk complexes increase. This suggests that ~21 contributes to a reduction of cyclin Dl-associated kinase activities in NGF treated PC12 cells and that this change is induced by NGE Increase of DI/Rb complexes is correlated with accumulation of unphosphorylated Rb upon NGF treatment Rb protein functions as a negative regulator of cell proliferation, and its activity appears to be modulated by phosphorylation. Previous work has shown that unphosphorylated Rb which is isolated from cells in the GO and Gl phases of the cell cycle, migrates at molecular mass of 105 kDa, while phosphorylated Rb which is isolated from the S, G2, and M phases, migrates at molecular mass of 110-l 12 kDa. We next investigated whether NGF affected the expression and phosphorylation of Rb protein.
The total pool of Rb was visualized by immunoblotting analysis of whole-cell extracts using antibody to Rb. PC12 cells grown asynchronously showed mainly phosphorylated Rb proteins which migrated as multiple bands at the molecular mass range of 110-l 12 kDa (Fig. 7A ). In agreement with a previous report (Kalman et al., 1993) , as early as 1 d after addition of NGF, unphosphorylated Rb species appeared at the molecular mass of 105 kDa. However, Rb protein levels underwent little change in response to NGF (Fig. 7A ). 72P-orthophosphate labeled PC 12 cells exhibited phosphorylated Rb in NGF-untreated PC12 cells, but not in NGF-treated PC12 cells (Fig. 7B) , indicating a decrease in phosphorylation of Rb with NGF treatment. Figure 7A clearly shows that the band of dephosphorylated Rb is greater in the NGF treated cells than untreated cells at any given time of treatment. Furthermore, the level of phosphate labeled Rb in treated cells relative to untreated control (Fig. 7B) shows that the rate of phosphorylation of Rb declines with NGF treatment.
A. Lysates were immunoprecipitated individually with cyclin Dl (lanes l-2), cdc2 (lanes II-12), cdk2 (lanes 5-6), cdk4 (lanes 7-8), cdk5 (lanes 9-lo), cdk6 (lanes 34) antibodies, or normal rabbit sera (NRS) (lanes 13-14). Double bands of phosphorylated histone HI with molecular mass around 33 kDa were detected by autoradiography. The exposure time was 2 hr. B, GSTRb kinase activities of the cdc2-related kinases. Lysates were immunoprecipitated individually with cyclin Dl (lanes l-2), cdc2 (lanes ll-12), cdk2 (lanes 7-8), cdk4 (lanes 5-6), cdk.5 (lanes 9-10), cdk6 (lanes 34) antibodies, or normal rabbit sera (NRS) (lanes 13-14). Phosphorylated GST-Rb with molecular mass about 80-90 kDa was detected by autoradiography. The exposure time was 6 hr.
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Our results provide evidence that NGF leads to the accumulation of a dephosphorylated or hypophosphorylated form of Rb.
Cyclin Dl can directly bind to Rb in vitro and in vivo (Dowdy et al., 1993) . Hypophosphorylated Rb associates with cyclin Dl while the hyperphosphorylated forms are unable to do so (Dowdy et al., 1993) . Since NGF caused an increase of cyclin Dl and accumulation of unphosphorylated Rb, we next asked whether cyclin Dl could form the complexes with Rb in NGF untreated and treated PC12 cells. To detect association of cyclin Dl with Rb in vivo, immunoprecipitation of lysates with antibody to Rb following immunoblotting using antibody to cyclin Dl was carried out. Dl/Rb complexes were not detected in NGF-untreated PC12 cells (Fig. 7C, lane 3) . However, a dramatic increase of 3 4 5 6 7 8 9 10 1112 13 14 Dl/Rb complexes in NGF treated PC12 cells was observed (Fig.  7C, lane 4) . In a control, immunoprecipitation of Dl/Rb complexes with antibody to Rb was blocked by a control peptide (Fig. 7C, lane 2) . These results indicate that an increase of Rb/ Dl complexes was correlated with induction of cyclin Dl and accumulation of unphosphorylated Rb during NGF-induced PC 12 cell differentiation.
Overexpression of cyclin Dl arrested cells in GI and inhibited PCNA expression
To understand the role of cyclin Dl in NGF-induced differentiation of PC12 cells, we determined if overexpression of cyclin Dl could arrest cell cycle progression and induce the differen- Figure 6 . Increase of expression of p21 and cyclin Dl/p21 complexes during NGF treatment. A, Expression of p21 in PC12 cells during NGF treatment. The analysis was the same as described in Figure lA , except that the blots were probed with p21 antibody. p21 migrated at 21 kDa. B, Increase of cyclin Dl/p21 complexes upon NGF treatment. Immunoprecipitation with p21 (lanes 1-2), cyclin Dl (lanes 34) antibodies, or NRS (lanes 5-6) followed by Western blot analysis using cyclin Dl antibody. C, Increase of p2Ucyclin Dl complexes upon NGF treatment. Immunoprecipitation with p21 (lanes 1-2), cyclin Dl (lanes 34) antibodies, or NRS (lanes 5-6 followed by Western blot analysis using p21 antibody. The G2/M phase may only reflect cells in G2 from this population due to break down the nuclear envelope of cells during M phase (Murray and Hunt, 1993; Buchkovich and Ziff, 1994) . tiation of PC12 into neuron-like cells. It has been noted that cyclin Dl is expressed in postmitotic neurons (Freeman et al., 1994) . Also, it has been difficult to obtain stable clonal cell lines overexpressing D cyclin, since the exclusion of cyclin Dl from the nucleus and/or its degradation are required for progression into S phase (Baldin et al., 1993; Quelle et al., 1993 ). Thus we employed transient expression of cyclin Dl. Full PC12 cell differentiation induced by NGF requires about 8 d. To achieve more rapid differentiation, we employed a clonal PC 12 cell line, 6-24, that has been stably transfected with the gene enco? ¶ing the trk NGF receptor and which differentiates with accelerated kinetics relative to the parental PC12 cells (Hempstead et al., 1992) . After 6 hr exposure to NGP 75% of 6-24 cells extended neurites, and almost all cells fully extended neurites following NGF treatment for 24 hr. To study the effects of cyclin Dl on the PC 12 cell differentiation state, a mammalian expression plasmid containing the full-length cyclin Dl cDNA was transiently expressed in these cells by the lipofection technique. As a control for the transfection efficiency, in a separate experiment we transfected 6-24 cells with a vector expressing P-galactosidase from the CMV promoter and assayed expression in situ by X-Gal staining. We observed that P-galactosidase was expressed in 60-70% of the cells indicating high efficiency transfection (data not shown). The efficiency of expression of the transfected cyclin Dl expression plasmid was confirmed by Western blotting with antibody to cyclin Dl (Fig. 8) . Overexpression of cyclin Dl did not cause 6-24 cells to extend neurites within 3 d, and similar results were found in PC12 cells which overexpressed cyclin Dl (data not shown), suggesting that cyclin Dl on its own does not activate the signaling pathway induced by NGF which leads to PC 12 cell morphological differentiation. The results of Figure 8 show that NGF induced the levels of cyclin Dl only 2-3-fold after 24 hr treatment in 6-24 cells, an amount which is similar to PC12 cells (Fig. lB>, while at that time, these cells are fully differentiated by NGE These observation suggested that although 6-24 cells might differentiate more rapidly, they do not respond morphologically more rapidly to one factor downstream from the trk NGF receptor, cyclin Dl .
To test whether overexpression of cyclin Dl affected the cell cycle phase distribution of 6-24 cells, these cells at 24 or 42 hr after cyclin Dl expression vector transfection were analyzed for DNA content. Nuclei were isolated from cells that had been treated or untreated with NGF for 6 hr or 24 hr. The nuclei were stained with propidium iodide, and then analyzed by flow cytometry. The results are shown in Figure 8 . In control cells, untransfected or transfected with vector alone after 24 hr, about 62-64% of the cells were in Gl phase. In contrast, 80% of the cells transfected with the cyclin Dl expression vector for 24 hr were in Gl phase. Moreover, a decrease of 60% in the number of S phase cells, and a decrease of 30% in the number of G2 phase cells was observed in the cell population transfected with cyclin Dl compared with the population of untransfected or transfected with vector alone. Similar results of overexpression of cyclin Dl were found following analysis of DNA content after 42 hr of transfection. Thus, cyclin Dl could arrest cells in Gl phase and obstruct cell entry into S phase. However, an accumulation of G2 phase cells, a decrease of S phase cells and a small increase or little change of Gl phase cells were observed in the presence of NGF relative to the absence of NGF for 6 hr or 24 hr. These data are very similar to the data reported by others in PC12 cells (Ignatius et al., 1985; Buchkovich and Ziff, 1994) .
Cyclin Dl can block PCNA relocation to the nucleus, and thus inhibit DNA replication and repair (Pagan0 et al., 1994) . The results described above (Fig. 1 B) , showing the induction of cyclin Dl and the concomitant disappearance of expression of PCNA during NGF-induced PC 12 cell differentiation prompted us to examine whether overexpression of cyclin Dl affected expression of PCNA. For this purpose, the 6-24 cells which were transfected with a cyclin Dl expression vector were analyzed after 24 or 42 hr by Western blotting with antibody to PCNA. As before, the protein levels of PCNA were reduced in the presence of NGF (Fig. 8) . Overexpression of cyclin Dl also caused a decrease of PCNA (Fig. 8) and did not change the ~21 protein levels (data not shown) in the absence of NGE However, overexpression of cyclin DI and treatment of NGF together showed a very strong, synergistic inhibition of PCNA expression (Fig. 8) . This finding implies that cyclin Dl may mediate inhibition of DNA replication and repair via repression of expression of PCNA.
Discussion
We have shown that during NGF-induced differentiation of PC12 cells, NGF specifically regulates the expression and kinase activities of the cdcZrelated kinases and their regulatory subunits, the cyclins. Of the five cdcZrelated proteins expressed in PC 12 cells, with the exception of cdk5, the protein levels and the enzymatic activities of each cdcZrelated protein decreased during NGF-induced differentiation. NGF induction of the cdk inhibitory protein, ~21, provides an additional mechanism for NGF-specific repression of cdk kinase activity. These reductions in the levels and the kinase activities of the cdc2-related proteins demonstrate that NGF induces profound changes in the cell cycle regulatory machinery which may account for the withdrawal from cell cycling of NGF-responsive neurons during terminal differentiation. While all cyclins (with the exception of D3) were expressed in PC12 cells with D2 at low levels, different patterns of change following NGF treatment were found. Perhaps the three most striking observations in response to NGF treatment were (1) the dramatic, differentiation-specific induction of cyclin D 1, (2) the reduction of the cyclin Dl -associated kinase activities, possibly through induction of the cdk kinase inhibitor, p21 (this reduction occurred despite an increase in the absolute levels of the cyclin-kinase protein); (3) the accumulation of unphosphorylated Rb and the increase of DI/Rb complexes. Finally, we demonstrate that cyclin Dl can cause cells to arrest in Gl phase, prevent entry into S phase, and inhibit expression of PCNA.
The cdc2-related kinases are indispensable for cell cycle progression in all multicellular eukaryotes, and their levels remain relatively constant through the cell cycle in proliferating cells (Draetta and Beach, 1988; Marraccino et al., 1992; Rosenblatt et al., 1992; Tsai et al., 1993a) . The observation in this report of the suppression of cdc2, cdk2, and cdk6 levels, and to a lesser extent cdk4 (see Fig. l) , by NGF during PC12 differentiation raises the question of whether downregulation of the cdc2-related proteins is the basis for NGF-induced PC12 withdrawal from the cell cycle. Other observations that downregulation of the cdc2-related protein levels is associated with neuronal differentiation were previously reported. Fully differentiated sympathetic neurons of the rat superior cervical ganglia did not express cdk2 and cdc2, while the cells expressed other cdks (Freeman et al., 1994) . In the developing CNS, cdc2 mRNA was downregulated, concomitant with the cessation of cell proliferation in the CNS (Hayes et al., 1991; Okano et al., 1993) . This suggests that downregulation of cdk2 and cdc2 protein levels is correlated with the terminal differentiation of neurons, and probably cell cycle arrest also. In agreement, complexes of cdk2/ cyclin A with the Rb-related protein, ~107 and the transcription factor E2F were downregulated in PC12 cells by NGF (Buchkovich and Ziff, 1994) . Moreover, the expression and function of the cdc2-related proteins have been characterized in systems other than differentiating neurons. TGF-PI, which inhibits cell proliferation, suppresses cdk4 synthesis in Cl phase in mink lung epithelial cells while constitutive cdk4 synthesis in these cells leads to TGF-Pl resistance (Ewen et al., 1993b) . This suggests that downregulation of cdk4 synthesis contributes to TGFpl-mediated cell cycle arrest. Similarly, regulation of the cdc2-related proteins may constitute a basis for a NGF mechanism for Gl growth arrest.
It has been reported that cdk5 was only expressed in terminally differentiated neurons, not in the proliferating cells of the nervous system, and that the expression and activity of cdk5 increased progressively as increasing numbers of cells exited the proliferative cycle (Tsai et al., 1993b) . The persistent levels of cdk5 protein after NGF treatment in PC12 cells observed here suggest that cdk5 could play a functional role either in the process of PC 12 differentiation or in postdifferentiation functions. Our failure to detect any change in cdk5-associated kinase activity toward histone Hl and Rb in NGF treated and untreated PC12 may be due to specificity of cdk5 for phosphorylation of protein substrates other than histone Hl or Rb in PC12 cells. Indeed, cdk5 has been purified as a brain neurofilament kinase (Lew et al., 1992a,b) .
It is well established that the activity of the cdc2-related kinases is dependent upon both kinase binding to cyclin regulatory subunits and upon phosphorylation and dephosphorylation of the kinase itself. Downregulation of cdc2, cdk2, cdk4, and cdk6 kinase activities by NGF observed here in part results from NGF suppression of cdc2, cdk2, cdk4, and cdk6 protein levels. The decrease of cyclin Bl protein levels induced by NGF can also partially account for the decrease of cdc2 kinase activities since cyclin Bl is a regulatory subunit of cdc2. In addition, other mechanisms for inhibition of the cdc2-related kinases are likely to exist in NGF treated PC12 cells. The activities of the principal cyclin Dl-associated kinases in PC12 cells, cdk2 and cdk4, are reduced by NGF treatment (see Fig. 5 ). This reduction in activity may not have resulted from a decrease of the proper cyclin regulatory partner since cyclin Dl/cdk2 complexes and cyclin Dl/ cdk4 complexes as well as cyclin Dl itself actually accumulate to higher levels in the presence of NGF (see Fig. 4 ) while the kinase activities decrease. The cdk kinases can be positively regulated by the cdk-activating kinase (CAK) (Desai et al., 1992; Solomon et al., 1992; Kato et al., 1994) and negatively regulated by the binding of cdk inhibitory proteins (reviewed by Peter and Herskowitz, 1994) . Cyclin Dl forms complexes only with dephosphorylated inactive cdk2 in both replicating and senescent fibroblasts. Despite the presence of Dl , these complexes fail to phosphorylate histone HI (Dulic et al., 1993; Bates et al., 1994) . Similar mechanisms may contribute to a reduction in kinase activities in PC12 cells.
Inhibition of cdk2 kinase activity by a cdk inhibitor has been implicated in cell cycle arrest in Gl by cell-cell contact, TGFpl or y-irradiation (Polyak et al., 1994 and Dulic et al., 1994) . Polyak et al. (I 994) found that inhibition of cdk2 kinase activity by either cell-cell contact or TGF-PI in mink lung epithelial cells was due to binding of a 27 kDa protein to cyclin E/cdk2, inactivating the cyclin E/cdk2 complexes. Inhibition of cdk2 kinase activities by y-irradiation in human fibroblasts resulted from the binding of a 21 kDa cdk inhibitor to cyclin E/cdk2 and cyclin A/cdk2 complexes (Dulic et al., 1994) . Theses findings imply that downregulation of cdk kinase activities by a cdk inhibitor contributes to cell-cell contact, TGF-@ 1, or y-irradiationmediated Gl arrest. Similarly, regulation of cdc2-related kinase activities may contribute to a NGF mechanism for growth arrest. The induction of p21 in response to NGF may downregulate cdc2-related kinase activities through binding of p21 to cyclin Dl/cdk2 and cyclin Dl/cdk4. Thus, NGF may cause a p21-mediated inhibition of cyclin/cdk activity despite the increase in cyclin/cdk complexes that would arrest of cell progression.
One consequence of the downregulation of cdc2-related kinases follows from the fact that the retinoblastoma protein, Rb, appears to be a specific target for the cdk kinases during the G I to S phase transition. The Rb protein is a negative-growth regulator that prevents S phase entry, and inactivation of this growth-suppressive function is presumed to result from Rb hyperphosphorylation during the late Gl phase (Buchkovich et al., 1989 : Chen et al., 1989 DeCaprio et al., 1989; Mihara et al., 1989) . NGF treatment could lead to dephosphorylation of the Rb protein by NGF inhibition of the activity of a kinase, such as cdk2, cdk4, and cdc2. In agreement we and others (Kalman et al., 1993) Cyclin D2, D3, and E, but not Dl, can induce Rb hyperphosphorylation, which has been linked to the loss of the Rb Gl arrest function (Hinds et al., 1992; Ewen et al., 1993a) . Cyclin Dl binds preferentially to the hypophosphorylated form of Rb in viva (Dowdy et al., 1993) . Results of this report show that induction of cyclin Dl and accumulation of unphosphorylated Rb were correlated with an increase of Dl/Rb complexes during NGF-induced PC 12 cell differentiation. The interaction of D-type cyclins with Rb resembles that of the adenovirus ElA protein with Rb in that it can disrupt Rb inhibition of E2F/Rb complexes (Dowdy et al., 1993) . However, NGF does not affect the level of RWE2F complexes as measured by assay of E2F binding activity (Buchkovich and Ziff, 1994) . Therefore, interaction of cyclin Dl with unphosphorylated Rb may constitute another basis for regulating the activities of cyclin Dl or Rb during cell cycle arrest in the Gl phase.
We have shown that PC12 cells express cyclin Dl as the major D-type cyclin with very low levels of D2 also expressed, and that a large increase of cyclin Dl protein takes place in the NGF treated cell population. An increase of cyclin Dl in NGFinduced differentiated PC12 cells is consistent with a recent report (Tamaru et al., 1994) . Induction of cyclin Dl is specifically associated with cell differentiation because the agents which are inducers of Dl, NGF and FGF, can induce PC12 cell differentiation, but EGF and insulin, which induce proliferation rather than differentiation, fail to induce Dl. A second protein, known as SNT, is rapidly phosphorylated on tyrosine in response to differentiation factors, such as NGF and FGF, but not EGF or insulin (Rabin et al., 1993) . However, in contrast to the rapid phosphorylation of SNT, the induction of cyclin Dl by NGF is slow, requiring several days for maximum effect, and mostly takes place after PC12 morphological changes have occurred. A particularly intriguing observation is that cyclin Dl induced by NGF in PC12 cells is nuclear (see Fig. 3 ) even after 13 d of NGF treatment, a time when the cells have fully differentiated morphologically. Accumulation of cyclin Dl in the nucleus of NGF treated cells is consistent with a role for Dl as a cell cycle regulator with nuclear targets. However, this role in NGF arrest of cell cycling appears to conflict with cyclin DI action in other instances in which Dl promotes the opposite processes, Gl progression and cell entry into S phase (Matsushme et al., 1992; Baldin et al., 1993) . It has previously been shown that cyclin Dl protein accumulates in human diploid fibroblasts and reaches a maximum level just prior to S phase and that Dl disappears from the nucleus when cells proceed into S phase (Baldin et al., 1993) . The turnover of cyclin Dl in the late Gl phase is very rapid, with the protein exhibiting a half-life of less than 20 min (Matsushme et al., 1992) . These findings suggest that degradation of Dl or its exclusion from the nucleus is coupled to, and perhaps required for cell progression into S phase.
The striking results of overexpression of cyclin Dl in 6-24 cells presented here, demonstrate that cyclin Dl can cause an accumulation of cells in Gl phase and a decrease of cells in S and G2 phase. In this event, persistent induction of cyclin Dl by NGF could also contribute to the arrest of cells, especially in the Gl phase. Increased levels of cyclin Dl in the nucleus following NGF treatment could result from insufficient capacity of the cell to degrade this protein. Alternatively, NGF may specifically block cyclin Dl degradation or prevent exclusion from the nucleus, leading to high levels of nuclear cyclin Dl . Cyclin Dl in this capacity, instead of driving cells into S phase, may cause the cell cycle to arrest. In agreement, Baldin et al. (1993) found that quiescent human fibroblasts which express high levels of cyclin Dl were unable to reenter the cell cycle upon the addition of serum. Difficulties encountered in generating cells that express high levels of cyclin Dl (Quelle et al., 1993 ) may also reflect cell cycle arrest by cyclin Dl. Moreover, overexpression of cyclin Dl in Gl phase by using microinjection causes a cell cycle arrest in late Gl phase (Pagan0 et al., 1994) . These findings support the model that cyclin Dl is a critical target of growth arrest signals in Gl.
While we have observed the induction of cyclin Dl in NGFinduced differentiated PC12 cells, the withdrawal of NGF also greatly induces cyclin Dl mRNA during programmed cell death of sympathetic neurons from rat superior cervical ganglia (SCG) (Freeman et al., 1994) . Freeman et al. (1994) found that sympathetic neurons predominantly express cyclin D2 and D3 prior to NGF withdrawal, while we find that PC12 cells predominantly expressed cyclin Dl, rather than D2 and D3. Hence, cyclin Dl may play multiple functions in controlling cell proliferation and differentiation in PC12 cells, while multiple D-type cyclins may act in in sympathetic neurons from the SCG. This is consistent with differences in D-type cyclin expression and activities observed in other systems (Ewen et al., 1993) . Further studies will be required to understand the induction of Dl upon withdrawal of NGE Based on (1) the biochemical data which demonstrated that NGF causes a decrease in expression and enzymatic activities of the cdc2-related kinases and an accumulation of dephosphorylated Rb, and (2) analysis of DNA content in cells which overexpress cyclin Dl which causes cells to arrest in Gl phase, we would predict that NGF also leads cells to arrest in Gl . However, recent studies have shown that NGF leads to an accumulation of G2 cells, but only a small change of Gl cells during an 8 d NGF treatment (Buchkovich and Ziff, 1994) . Our results with NGF treatment of 6-24 cells, a trkA overexpressing derivative of PC1 2 cells, shown in Figure 8 are similar. The fact the cyclin D 1 decreases the S phase population supports the hypothesis that the increase in cyclin Dl induced by NGF also has a role in PC12 cell cycle arrest. However, NGF also induces a number of other changes including the decrease in cdk kinases and Rb phosphorylation, and elevation of p21 protein, which could all exert regulatory effects that inhibit cell transit from Gl to S. Thus, the mechanism of cell cycle arrest caused by NGF is likely to be more complex than that of cyclin Dl alone, perhaps proceeding in several stages. Further experiments will be necessary to determine which factors are the primary effecters of NGF and the specific role of the induction of cyclin D I in cell cycle arrest.
It is noteworthy that PCNA is a subunit of DNA polymerase 6 (Wang, 199 l) , and one of the factors required for the initiation of DNA replication and DNA repair (Prelich et al., 1987a (Prelich et al., ,b, 1988 Tsurimoto et al., 1990) . The synthesis of PCNA increases during late Gl and S phase (Bravo and Macdonald-Bravo, 1987) . More recent reports show that the cell cycle arrest by overexpression of cyclin Dl in Gl phase could be overcome by coexpression of PCNA (Pagan0 et al., 1994) . p21 may directly block DNA replication by inhibiting PCNA (Flores-Rozas et al., 1994; Waga et al., 1994 ). We find that the level of PCNA protein is strongly decreased in NGF treated cells and in 6-24 cells which overexpress cyclin D 1. It is also possible that p21 mediates inhibition of expression of PCNA since p2 I is upregulated by NGF. An interaction with cyclin Dl could further prevent PCNA from binding to the DNA replication initiation complex, thus suppressing DNA synthesis and blocking reentry into S phase. Taken together, elevation of cyclin Dl, and blockage of cdk kinase activity caused by increased ~21 levels and decreased cdk kinase protein levels, all dependent on NGF, may lead to dephosphorylation of Rb and repression of S phase functions such as PCNA. This in turn may cause cell cycle arrest allowing differentiation into neuron-like cells. We note that in budding yeast, mating type pheromone induces growth arrest by inducing the expression of Far-l, a factor functionally and structurally related to p21 (reviewed by Peter and Herskowitz, 1994) . Far1 inhibits yeast CLN/cdc28 complex function in a manner similar to p21 inhibition of cyclin Dl/cdc4 and cyclin Dl/cdk6 function reported here. It will be interesting to determine the extent of mechanistic similarity between yeast and PC 12 during growth arrest and differentiation induced respectively by mating type pheromone and NGF.
